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Summary  The  conservation  equations  for  binary  nanoﬂuid  system  are  solved  to  get  eigen-
value equation.  Valid  approximations  are  used  to  simplify  the  complex  expressions  for  analytical
results. Oscillatory  motions  are  not  possible  and  hence  mode  of  convection  is  invariably  throughNanoﬂuid;
Brownian  motion;
Thermophoresis;
Rayleigh  number
stationary  mode.  Numerical  computations  are  carried  out  for  water  based  nanoﬂuids  to  ana-
lyze solutal  effects  on  the  stability  of  the  system  using  the  software  Mathematica.  Higher
conductivity  and  density  of  copper  makes  it  more  stable  than  alumina.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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Introduction
Abnormal  thermal  conductivity  enhancement  in  nanoﬂuids
relative  to  the  base  ﬂuid  motivated  Buongiorno  (2006)  to
develop  convective  transport  model  for  nanoﬂuids.  Using
this  model,  various  studies  on  the  stability  of  a  horizon-
tal  nanoﬂuid  layer  were  reported  (Tzou,  2008;  Yadav  et  al.,
 This article belongs to the special issue on Engineering and Mate-
rial Sciences.
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012;  Gupta  et  al.,  2015) by  assuming  nanoparticle  volume
raction  to  be  constant  along  the  boundaries.  It  was  shown
hat  the  stability  of  a  nanoﬂuid  layer  can  be  increased  or
ecreased  depending  on  bottom  or  top  heavy  distribution
f  nanoparticles.  Recently  the  problem  is  revisited  (Nield
nd  Kuznetsov,  2014;  Agarwal,  2014)  by  taking  zero  nanopar-
icle  ﬂux  along  the  boundaries  which  is  a  more  realistic
pproach  and  it  was  found  that  the  presence  of  nanopar-
icles  destabilizes  the  layer  under  this  assumption.  We  have
tudied  the  inﬂuence  of  solute  on  nanoﬂuid  convection  using
evised  model  (Nield  and  Kuznetsov,  2014) which  is  a  triple
iffusion  problem  and  leads  to  complex  expression  for  oscil-
atory  motions.  Valid  approximations  are  used  to  simplify
he  lengthy  expressions  to  derive  analytic  results.  Further,
umerical  computations  are  made  to  analyze  the  effects
f  solute  Rayleigh  number,  Dufour  parameter  and  Soret
icle under the CC BY-NC-ND license (http://creativecommons.org/
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Dufour  and  Soret  parameters  as  negligible,  we  get  ω2 as
negative.  Thus  oscillatory  motions  are  not  possible.  Table  1
shows  the  values  of  nanoﬂuid  parameters  for  copper  and
Table  1  Physical  properties  and  different  parameters  for96  
arameter  on  metallic  (copper)  and  non-metallic  (alumina)
anoparticles  in  water  based  nanoﬂuid.
roblem formulation
et  us  consider  a  horizontal  binary  nanoﬂuid  layer  of  thick-
ess  d.  The  temperature  and  solute  concentration  at  the
ower  and  upper  boundaries  are  T1 and  T0(T1 >  T0),  C1 and
0(C1 >  C0),  respectively  and  nanoparticle  ﬂux  is  zero  along
he  boundaries  of  the  layer.  The  relevant  equations  for  the
ystem  Gupta  et  al.  (2015)  and  Nield  and  Kuznetsov  (2014)
re
 ·  u  =  0,  (1)
(
∂u
∂t
+  u  ·∇u
)
=  ∇2u  −  ∇p  +  [p
+  (1− ){(1−  ˇC(C  −  C0)−ˇt(T  −  T0))}]g,
(2)
c
[
∂T
∂t
+ u  ·  ∇T
]
=  pcp
[
DB∇T  ·  ∇  + DT
T0
∇T  · ∇T
]
+  k∇2T  +  cDTC∇2C,  (3)
∂
∂t
+ u  · ∇  =  DB∇2  + DT
T0
∇2T,  (4)
∂C
∂t
+ u  ·  ∇C  =  DS∇2C  +  DCT∇2T.  (5)
In  the  above  equations  various  parameters  are:  veloc-
ty  u  =  (u1,  u2,  u3),  time  t,  nanoparticle  volume  fraction  ,
oefﬁcient  due  to  Brownian  motion  DB,  coefﬁcient  due  to
hermophoresis  DT,  temperature  T,  pressure  p,  viscosity  ,
olumetric  coefﬁcient  due  to  solute  ˇC,  volumetric  coefﬁ-
ient  due  to  heat  ˇT,  gravitational  acceleration  g,  density
,  speciﬁc  heat  c,  conductivity  k,  nanoparticle  density  p,
anoparticle  speciﬁc  heat  cp,  Dufour  type  diffusivity  DTC,
olute  concentration  C,  solute  diffusivity  DS and  Soret  type
iffusivity  DCT.  Let
(x,  y,  z)  = (x,  y,  z)
d
, t = t˛f
d2
,    = 
b
,  u  = ud
˛f
,
p  = pd
2
˛f
,
T  = (T −  T0)
(T1 −  T0) , C  =
(C  −  C0)
(C1 −  C0) ,
(6)
here  ˛f =  k/C  and  b is  the  reference  value  of  nanoparticle
olume  fraction.  Using  Eqs.  (1)—(6)  become
 ·  u  =  0,  (7)1
Pr
(
∂u
∂t
+  u  ·  ∇u
)
=  −∇p  +  ∇2u  −  Rmkˆ  +  RATkˆ  −  Rnkˆ + Rs
Ls
Ckˆ,  (8)J.  Sharma  et  al.
∂T
∂t
+  u  ·  ∇T
= NB
Le
∇  ·  ∇T  + NANB
Le
∇T  · ∇T  +  NTC∇2C  +  ∇2T, (9)
∂C
∂t
+ u  ·  ∇C  = 1
Ls
∇2C  +  NCT∇2T,  (10)
∂
∂t
+ u  ·  ∇  = 1
Le
∇2  + NA
Le
∇2T,  (11)
here  various  non-dimensional  numbers  are:  Prandtl
umber  Pr  =  /˛f; ﬂuid  Lewis  number  Le =  ˛f/DB;
olute  Lewis  number  Ls =  ˛f/DS;  Rayleigh  number
A =  gˇTd3(T1 −  T0)/˛f; solute  Rayleigh  number
s  =  gˇCd3(C1 −  C0)/Ds;  nanoparticle  Rayleigh  num-
er  Rn  =  (p −  )bgd3/˛f;  basic-density  Rayleigh  number,
m  =  gd3/˛f; diffusivity  ratio  NA =  DT(T1 −  T0)/DBT0b;
ensity  increment,  NB =  (C)Pb/C;  Dufour  parameter
TC =  DTC(C1 −  C0)/˛f(T1 −  T0);  Soret  parameter
CT = DCT (T1 −  T0)
˛f (C1 −  C0) . (12)
ethod of analysis and discussion of results
n  the  initial  state,  ﬂuid’s  velocity  is  zero;  temperature,
anoparticle  volume  fraction  and  concentration  of  solute
re  varying  along  z-axis  only.  We  get  initial  solution  of  Eqs.
7)—(11)  as
 =  0, d
dz
=  NAz,  T  =  C  =  1  −  z.  (13)
Let  us  impose  small  perturbations
(
u˜, p˜, T˜ , C˜, ˜
)
on  (13)
nd  use  normal  mode  analysis  as
u˜, T˜ , C˜, ˜
) = (u˜3, T˜ , C˜, ˜) (z)  exp(ikxx  +  ikyy  +  st),  (14)
here  s  is  a  growth  rate.  Further,  using  one  term  resid-
al  method  for  free-free  boundaries,  we  get  eigenvalue
quation.  For  non-oscillatory  motions  put  s =  0  in  eigenvalue
quation,  this  gives  the  expression  for  RA as
A = J
3(1  −  NCTNTCLs) −  a2Rs(1  −  NCT )
a2(1  −  LsNTC) −  RnNA(1  +  Le).
(15)
here  a  =  (k2x +  k2y)1/2 and  J  =  2 +  a2.  Clearly,  the  presence
f  nanoparticles  destabilizes  the  system  signiﬁcantly  and  do
ot  affect  the  critical  wave  number.  For  oscillatory  motions,
e  put  s  =  iω  in  the  eigenvalue  equation.  Let  us  assume
hat  Lewis  number  and  Prandtl  number  are  very  large  andnanoparticles  under  consideration.
Nanoparticles    (kg/m3)  k  (W/m  K)  Rn  NA
Cu  (copper)  9000  401  0.008  0.5
Al2O3 (alumina)  3970  40  0.003  5
An  analytical  and  numerical  study  for  thermosolutal  nanoﬂuid  co
Figure  1  Impact  of  solute  Rayleigh  number  on  Rayleigh  num-
ber.
Figure  2  Impact  of  Soret  parameter  on  Rayleigh  number.
Figure  3  Impact  of  Dufour  parameter  on  Rayleigh  number.
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Yadav, D., Agrawal, G.S., Bhargava, R., 2012. The onset of convec-
tion in a binary nanoﬂuid saturated porous layer. Int. J. Theor.
Appl. Multiscale Mech. 2 (3), 198—224.nvection  497
lumina  nanoparticles  to  study  the  impact  of  various  solute
arameters  on  the  stability  of  the  system.  Figs.  1  and  2
how  the  stabilizing  effect  of  solute  Rayleigh  number  and
oret  parameter,  respectively  while  destabilizing  inﬂuence
f  Dufour  parameter  is  depicted  in  Fig.  3.  It  is  noteworthy
hat  copper  nanoparticles  are  more  stable  than  alumina  in
ater  based  nanoﬂuid.
onclusions
hermosolutal  nanoﬂuid  convection  is  studied  analytically
nd  numerically  using  normal  mode  technique  with  the
ssumption  that  nanoparticle  ﬂux  is  zero  along  boundaries  of
he  layer.  Oscillatory  motions  are  not  possible  and  mode  of
onvection  is  stationary.  Presence  of  nanoparticles  destabi-
izes  the  system  signiﬁcantly.  Copper  nanoparticles  in  water
ased  nanoﬂuids  are  more  stable  than  alumina.  The  solute
ayleigh  number  and  Soret  parameter  stabilizes  the  system
hile  Dufour  parameter  destabilizes  it.
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